Abstract-Field science in extreme terrestrial environments is often difficult and sometimes dangerous. Field seasons are also often short in duration. Robotic "field assistants," particularly small highly mobile rotary-wing platforms, have the potential to significantly augment a field season's scientific return on investment for geology and astrobiology researchers by providing an entirely new suite of sophisticated field tools. Robotic rotorcraft and other vertical lift planetary aerial vehicle also hold promise for supporting planetary science missions.
INTRODUCTION
Small aerial robots are in a state of rapid development. The primary focus of most uninhabited aerial vehicle (UAV) and micro air vehicle research is currently directed to supporting future DOD missions. An alternate potential application for small autonomous aerial vehicles, particularly rotary-wing platforms, is their use in supporting terrestrial field science investigations in extreme environments, as well as potentially supporting Mars and other planetary science missions [I-141.
The "dirty, dull, dangerous," and difficult tasks that conventional UAVs and autonomous aerial vehicles are now being called into performing for military and public service applications bold true for applications supporting terrestrial field science. The mobility afforded by aerial robotic field assistants could potentially provide safe and routine access to sites that otherwise entail considerable effort on the part of field. scientists ( Fig. la-b) . Further, the access and vantage provided by these robotic field assistants will have a significant leveraging effort on the magnitude and quality of the field season data gathering. The field assistants will interact with the field scientists in a productive manmachine partnership.
Additionally, the robotic field assistants' potential ability to carry small science payloads, and/or acquire and carry small remote site samples, also emphasizes their potential utility in field science. It is these three attributes -the selective low-altitude imaging, the close scientisthohot interaction, and the equal desigdoperational emphasis of the aerial robot actions on the ground as well as in the air --that make robotic field assistants unique in their design as compared to more conventional UAVs. [2- 91. This work complements other ongoing research projects at NASA Ames on rotary-wing UAVs [42] and microrotorcraft [27] .
Limited experimentation to date with simple radiocontrolled (RC) andor automated surrogate aerial vehicles
has just begun to demonstrate the potential of robotic field assistants. A number of unique technology challenges have been identified for the development of SRFA. The work 'discussed in this paper is the first preliminary steps in an important new area of research in robotics and rotary-wing vehicle systems. 
SRFA
There are unique demands -as compared to conventional UAV applications --that will be placed upon robotic aerial field assistants for terrestrial science investigations in extreme environments.
To better understand what these unique requirements might be, it is necessary to appreciate the types of field science being conducted by NASA and academia researchers [2841].
TERRESTRIAL FIELD SCIENCE
Astrobiology and geological investigations at extreme environment field sites pose considerable challenges for researchers in terms of limited resources, including time, and productivity. The use of Mars-analog sites on Earth to support planetary science investigations bas blossomed over the last several years. As such, it is increasingly important to consider empowering geologists and astrobiologists with automation tools and robotic systems that can assist them in their scientific endeavors. In many cases, the field scientist relies upon satellite and high-altitude aerial imagery to provide context for their on-the-ground field measurements and observations. For example, several small valley forming geological processes (sapping, glacial-melt waterrunoff, and glacial advanceiretreat trough forming) in terrestrial sites have only been recognized in their analogous form on Mars by comparing satellite and aerial images between the two [30, 36, 38, 391 . Not much work has been performed with low-altitude flights over Mars analog sites, the exceptions being [16, [22] [23] [24] , but this type of aerial survey shows promise for future investigations.
Why small rotorcraft for these notional robotic field assistants versus other types of aerial vehicle configurations? For the same reason conventional manned helicopters are such flexible aerial platforms for terrestrial exploration and transportation: the ability to hover and fly at low-speeds and to take-off and land at unprepared remote sites.
It is also envisioned, though, that field scientists will ideally employ a suite of robotic assistants and automated tools to aid in the conduct of their research. Such a "system of systems" would in addition to SRFA include small fixedwing aerial explorers as well as robotic ground vehicles (rovers) to assist them. Smart rotorcraft field assistants can be categorized into a number of notional classes of vehicle, with unique function and roles, and attributes as noted in Table 2 . A suite of vehicles and capabilities may need to be deployed during a given field season and/or research campaign in order to accomplish required goals.
For many of these applications and capabilities, SRFA will have more characteristics in common with notional micro air vehicles (MAVs) [49] -and micro-rotorcraft in particular [27] -than conventionally-sized UAVs and aerial vehicles. This is because SRFA and micro air vehicles both work at relatively low altitudes, in close proximity to people and objects on the ground, and depend upon close madmachine interaction to accomplish required goals. These systems embody/require a high level of personal utility. Correspondingly, many automatiodoperational models being developed for micro air vehicles will have great applicability to SRFA.
Manned aircraft have from their earliest inception supported terrestrial exploration and science. Recently fixed-wing UAVs (uninhabited aerial vehicles) and autonomous rotorcraft have also begun to play a part in terrestrial field science. Most of the precursor work using autonomous rotorcraft to conduct field science has focussed on volcanology [25-261.
Though proof-of-concept SRFA field testing at NASA Ames has primarily relied to-date upon small radiocontrolled helicopters (ranging kom 1-6 kg in gross weight) a high-level of autonomy must be imbued into future SRFA platforms. Thus the aerial robot can be treated more as a true field tool than as flying vehicle. (Fig. 4a-b) . One way Ames is attempting to advance this notional "system of systems" concept, as applied to scientific investigation of terrestrial extreme environments using aerial robots, is to co-sponsor a university student design competition (refer to Appendix B). This approach has worked quite well in the past as applied to vertical lift planetary aerial vehicles [IO-13 and 501 and other emerging design concepts.
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BIO-INSPIRATION ANYONE?
SRFA flight control, navigation, and overall autonomy may benefit from emergent bio-inspired technologies for robotic and aerial vehicle control. Bio-inspiration for such vehicles can take many forms. Past work has focused on bioinspired vision systems [ 171 and autonomous aerial vehicle roles, flight behaviors, and decision-making processes [ 18-211. Figure 5 shows the preliminary simulation results of a terrain following algorithm for an autonomous aerial vehicle [I51 (in this case following an increasing terrain elevation gradient and then doubling back when cresting over the highest point).
Fig. 6 -Robotic Symbiosis
Proof-of-concept work has also been pursued at NASA Ames looking into extending the capabilities of SRFA-type platforms from simple imaging to soiVrock sampling tasks (Fig. 7) .
Traditionally, rotorcraft designers concern themselves with only how well, how efficiently, an aircraft flies. The whole concept of providing a robotic helicopter with "reach," with "grasp" while on the ground at a remote site is somewhat an alien concept. And yet, this ability would he a tremendous enhancing capability for a SRFA. As discussed previously, SRFA will need to act in concert with other robotic systems and automation tools. This will form almost a robotic symbiosis between systems. Simple field demos at Ames have begun to examine the interdependencies of such robotic symbiosis implicit in a system of systems (Fig. 6 ). This is an area of great importance for not only SRFA and robotic field assistants for terrestrial field science, but for many other applications as well. Bio-inspiration work at Ames has also led to an increased emphasis on aerial explorers and SRFA performing mission tasks such as the air-deployment of camerdsensor drop probes from aerial explorers -drawing on concepts loosely based on biological reproduction strategies (Fig. 8) . These probes and robotic devices deployed by the SRFA then consequently become additional elements of the system of systems -forming robot ecology --used to study the field site. In this manner, drawing upon some of the concepts outlined in Table 4 , the utility of SRFA, and other aerial explorers, can be greatly enhanced beyond the simple act of aerial imaging surveys.
~~ plpment rboard Simple snatch and grab sampling dcviccs on landing gcar footpads which they will operate. In past field demo campaigns of robotic hardware at the Haughton Crater Mars-analog site, productivity has been severely hampered by operating hardware that was not adequately prepared to endure the frequent harsh conditions demanded on them -including rain, cold temperatures, and high winds. 
NEW PARADIGMS IN DESIGN
The SFWA concept requires a new design paradigm as compared to conventional aircraft and UAV design. The proof-of-concept exercise of graftindintegrating a robotic arm to an RC helicopter is just one radical example of this new paradigm. Design and integration of other, new and challenging, onboard equipmentisub-systems (Table 4) will also be required for a successful stable of SRFA tools for the field scientist.
Ruggedization of equipment, in general, and the SRFA, in particular, is essential for efficient and effective use of these platforms under the extreme environment conditions under 7 Though the transport and deployment equipment for SRFA will be considerably less Challenging than that of a Mars aerial vehicle, it is still presents interesting problems. Transport of SRFA assets will have to employ ATV's, or possibly a tracked Humvee. Equipment by necessity will have to be lightweight and of small package. Assembly and checkout of the vehicle will need to be kept to a minimum.
One innovative approach for SRFA transport and deployment is to develop a hybrid mothershipidrone aerial vehicle (Fig. 9 ). This innovative concept integrates a medium altitude and long endurancehnge flight platform (Aerial Surveyor 'flying-wing' mothership) with multiple deployable low-altitude close-support coaxial rotorcraft UAVs as 'drones.' The mothership contains multiple propulsion modules (coaxial proprotors serving doubleduty); these propulsion modules can separate from the main vehicle over a target area of interest, at high-altitudes, and can be dropped from the surveyor 'mothership' like a munitions 'store.' These propulsion modules --now acting as independent rotary-wing UAVs/drones --autorotate upon release from the mothership and descend to low-altitudes, whereupon they achieve full thrust and power and act as coaxial helicopters. The coaxial helicopter drones survey targeted areas of interest in a distributed pattern at lowaltitude and low-speed and. report to main base directly, or have telecommunications relayed through the partiallypowered mothership circling overhead. Alternatively, the on-the-ground mobility, or access, of a SRFA has to be carefully considered. What if the rocWsoil sample of choice is not in the immediate vicinity, "footprint," of the SRFA? How then will the sample be acquired, the micro-image be taken, or the science prohe or instrumentation placed? This is a difficult design problem to pose. Hybrid vehicles that have an element of ground mobility in addition to their aerial mobility may need to he considered for field science applications (Fig. loa-c) . Or alternatively, as noted above, a robotic symbiosis between the SRFA and an assortment of auxiliary robotic devices transported into the field site may he required in order to meet all field campaign requirements.
One design solution likely will not meet all requirements. It is anticipated that a whole range of SRFA agent configurations might he required to accomplish the ambitious field science campaigns of the future.
<. ' Though preliminary work has shown the promise of SRFA as simple radio-controlled devices, the real pay-off for their use will come when high levels of autonomous system technology has been implemented on them. (RC piloting is a specialized skill and one not easily acquired by the typical scientist. Further the scientist should ideally be doing science and not flying RC aircraft.) However, automation does not automatically confer a reduction in the logistics necessary to conduct field science with these platforms. For example, a simple RC-controlled aerial vehicle currently takes two people to perform low-altitude aerial imaging: one to operate the vehicle and another to operate the wireless video receiverirecorder equipment. A quasi-production small autonomous aerial vehicle can require between three to four people. Refer to 
SEARCH & FIND MISSIONS AND
SERENDIPITOUS SCIENCE
Science is the process of discovery. As a semi-autonomous agentftool for discovery, a SRFA's "intelligence" must be tailored to optimize that process (Fig. 12) . Therefore, equal emphasis must he placed on the SRFA science application software as is applied to the flighthission autonomous control software. Further, there must be an integrated approach to linking the science software package, and associated sensors, with the flightinavigation software and its guidance and safety-of-flight instrumentation. Oftentimes, field science in terrestrial extreme environments is also the science of opportunity. Meticulous, detailed, advance planning may radically be revised to compensate for weather changes, resource limitations, and chance discoveries. Mission flexibility is essential to provide the field researcher an appropriate level of utility. Again, the enhanced access and vantage provided by SRFA can potentially leverage significantly the scientific return on investment. Figure 13 is illustrative of how aerial robotic field assistants can provide unique low-altitude imaging perspectives for scientists. Imaging data from SRFA and other field assistants can be post-processed and interpreted to yield image mosaics and quasi-three-dimensional terrain mappings. Re-tasking and subsequent flyovers of SRFA could be targeted at hard to access locations to examine at high-resolution and high detail rock outcroppings, (arctic) flora, and other features of interest. One of the advantages of terrestrial applications of robotic aerial explorers, such as SRFA, is that GPS navigation can be used for these vehicles --planetary aerial vehicles have no such luxury. Alternate navigatiodguidance techniques, such as those inspired from biology [17] , will need to he used for aerial explorers on other planets.
NOW AND THE NEAR-FUTURE
Future efforts will continue to examine the ability of SRFA to enhance the scientific return on investment in the field, as well as leverage this proof-of-concept terrestrial work into the ongoing technology development for Mars rotorcraft (Fig. 18) . For example, a NASA "Vision Mission" proposal has been submitted wherein a Mobile Science Laboratory (MSL) rover platform would be augmented by a Mars rotorcraft. 
CONCLUDING REMARKS
Smart Rotorcraft Field Assistants may one day provide an important enhancing capability for terrestrial field scientists. Scientists, robotic systems, automation tools, and SRFA working together will form a unique symbiosis in performing field science. Some preliminary work by NASA Ames has begun to address some of the technology challenges developing aerial robotic field assistants. Finally, proof-of-concept work from the SRFA investigations has direct application to planetary aerial vehicles, particularly Mars rotorcraft.
httu://www.darua.miYtto/mav/mav auvsi.htm1. The planned 2009 Mars Science Laboratory doubtless will be provided with a powerful suite of instruments and sample acquisition tools. It will have nuclear power ensuring long lifetime and it will have a large six-wheeled rover to provide mobility. With the planned tightening of the landing error ellipse to -10 km in length and the plans for a 'skycrane' soft landing, the MSL mission architecture comes close to meeting every desire for a Mars in situ mission. Nevertheless, the MSL rover will have problems in gaining access to steep slopes where much science interest lies (e.g., gullies, canyon walls, channel walls, hydrothermal vents) that is relevant to the study cases. Furthermore, because of the time required to carry out science analyses at each stopping point the MSL mission planned for 2009 is projected to have a range of mobility of only about 5 km even though it might be capable to travelling some hundreds of kilometers if 'turned loose' to do so.
We propose to study a mission where the mobility of the MSL is greatly enhanced by the addition of a small (20 kg), autonomous, rechargeable rotorcraft that is capable of creating an effective radius of operations of -10 km, thereby opening up an area of 300 km2 to intensive exploration including high resolution spectral mapping and sample return for analysis by MSL's payload. The rotorcraft would 1) serve as a scout for the MSL, 2) would provide detailed mapping of steep slopes, and 3) would acquire samples of fines from sites inaccessible to, or distant from, MSL (Fig. 19) .
The rotorcraft would land and takeoff from close to the MSL and would be electrically recharged by a cable from the MSL. Mapping data would be radio-transmitted from the rotorcraft to MSL for relay to Earth. A small (Sojourner sized) service rover would be required to link the rotorcraft to the MSL for the transfer of samples and for recharging. This service rover would also be an auxiliary science platform for MSL, one that might be used to rappel down steep slopes to reach targets identified by the rotorcraft. 
Ongoing Analysis
Mars rotorcraft research continues at a modest pace at NASA Ames. Recently, the focus of the Mars rotorcraft work has been on correlation of existing experimental rotor hover data [8-91 and Navier-Stokes computational fluid dynamics (CFD) predictions [14] . Unfortunately, because of hardware apparatus problems, and operating condition limitations with the Ames environmental (vacuum) chamber, the experimental data test conditions did not exactly match the CFD conditions. The experimental data ranged from a tip mach number of 0.4 to 0.49 and a tip Reynolds number of 23,500 to 30,000. The CFD "design target" condition was set for a tip Mach number of 0.65 and a tip Reynolds number of 50,000. It is currently impractical to repeat the CFD computations to match the test conditions for the experimental data set. An alternate, semi-empirical Reynolds number correction methodology has been employed instead.
The difference in tip Mach and Reynolds number conditions does not appear to have a significant effect on the rotor thrust versus collective trend. Note that a zero-shift pitcbangle correction bas been applied to the experimental data as compared to the data presented previously [8-91. The agreement between the experimental data and the CFD predictions is quite good except for the higher thrust coefficient conditions at the lowest tip Mach and Reynolds number case, i.e. 0.4 and 23,500 respectively (Fig. 20) . The differences between experiment and prediction in terms of tip Reynolds number, however, has a profound effect on the power coefficient correlation between CFD and experimental data (Fig. 21) . As an aside, it should be noted that no hub tares have been applied to the Fig. 21 experimental data. Additionally, a correction has been made to the bare shaft tares applied to the experimental data as compared to [9] . Fortunately, an additional set of experimental data was acquired at low collective and thrust coefficients for the Mars baseline rotor. This low thrustkollective data clearly demonstrates that profile power for low-Reynolds number rotors (including the Mars baseline rotor) is indeed profoundly influenced by the tip Reynolds number (Fig. 22) . This empirical Reynolds number correction can be applied to the CFD results to determine whether or not the previously noted correlation 'differences do, in fact, stem from the mismatch in the specified CFD Rerip and the experimental test conditions. 
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APPENDIX B -SRFA & A STUDENT DESIGN COMPETITION
The ArmyNASA Rotorcraft Division and the NASA Ames Education Office are currently working towards sponsoring a MUREP (Minority University Research and Education Program) student design competition. The purpose of this student design competition is to perform initial conceptual design work that will ultimately lead to the development of a comprehensive "terrestrial extreme environment explorer (TE')" system. This concephlal design project is very much consistent with the overarching theme of this paper --which is to place new automatiodrohotics tools, in particular small autonomous aerial vehicles, into the hands of field scientists. Using small cost-effective UAVs to support NASA science missions will empower researchers to achieve substantial productivity improvements. The general outline of the competition RFP and proposed rules and guidelines is noted below.
Mission Assumption:
The "terrestrial extreme environment explorer (TE')')" system is envisioned as a small semi-automatedkemi-teleoperated research station that can periodically launch, recover, and service one, or more, automated aerial vehicles to conduct remote field science missions (Fig. 24) . The student design teams should assume that first deployment of a TE' system should occur by 2008. The initial deployment should be assumed to occur at the Haughton Crater, Devon Island, Canada, Mars-analog site --refer to httD://www.marsoneah.org -though subsequent deployments could be at multiple, alternate sites. The total duration of a TE' system deployment should be assumed to be one calendar year. The objective of the TE' system deployment is twofold 1. To provide field scientists robotic tools that have enhanced mobility to acquire data and to extend their effective "field season" by reducing the need for their onsite presence, or proceeding with scientific investigations in their absence; 2. To act as a technology demonstrator as a first step to robotic colony/outpost architectures for future planetary science missions. 12. During "winter" months, when there is little or no daylight, aerial vehicles must carry non-visihle wavelength (or non-optic) sensors as a part of their science payload.
13.
Ten percent of the aerial vehicle gross weight should he assumed to account for aerial vehicle payload. The student teams will he required to define the science sensors (both ground and air assets) for the TE' system. The TE' system will be comprised, as a minimum, of the following system elements: a automated hangdstation, (at least one) robotic aerial vehicle, a launchhecovery system (as needed, which could he fixed or mobile), a refueling/recharging/servicing module, a front-end data-processing unit, and a telecom system for communication with state-side "Mission Control." Optional additional elements such as teleoperated or semi-autonomous ground vehicles (rovers) might also he proposed.
The total TE3 system mass must be less than 1000 kg The pre-flight gross weight of an individual aerial vehicle must he less than 100 kg. Conceptual design trade studies by the student teams will examinehdentify the appropriate aerial vehicle weights for specified TE' mission.
The total cost of TE' system should be less than $500K, excluding nonrecurring-engineering costs. Both the fabricatioddevelopment costs and the engineering costs should, though, he estimated in the student team proposals.
The electrical power for the hangedstation will he derived from a combination of wind turbine and solar power.
The aerial vehicle(s) should be capable of being launched and recovered in wind speeds up to 13 m/sec (25 knots).
The aerial vehicles should he able to have a minimum of half-hour endurance, and have a minimum radius of operation of 10 km.
The aerial vehicles can he fueled either by automotive gasoline or electric propulsion. The TE' system design must discuss the semi-automated approach to refuelinglrecharging.
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Constraints & Assumptions:
1. All TE' system equipment should be transportable in one Twin Otter aircraft to the analog site. Individual pieces of equipment should be no more than 200 kg and contained in a crate no larger than lmeter by Zmeter by 2.5 meter.
The TE3 system should require no more than two weeks assembly and onsite checkout by a team of four technical staff.
The siting of the TE3 system can be assumed optimally selected by the technical staff team to allow for safe launch and recovery of the aerial vehicle (i.e. for example it being sited near a dry lakehed for landing).
The following weather conditions should he assumed TBD. Maximizing flight opportunities during severe weather will he an important design consideration to the TE' system. Dealing with heavy snow blankets during aerial vehicle launch and recovery (and access into and out of the hanger/station) will he an important consideration in the TE' system design.
Expendable aerial vehicles are not prohibited by the rules of this competition, if shown to he cost-effective and otherwise desirable.
2.
3.
4.
5.
